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Forhigh-gyprotms,pions sndmxmshpto3oTev) 
theenergyandan@;leofthefindlstateparticlesin~~ptrahl- 
ung,dimctpairproductionand, for mums, deep inelastic scat- 
~ingaredeterminedasafundicnofthefrarticlndl~~~loss 
of the incidmt particle. The results are parametrized for cm- 
vemientuse inMmte Carlo shxilatims. The average energy lass 
andIlrrssngulardefle&icm of nxms, picmsandprotmsinhlk 
matteraredetemjnedaudcanparedwithothermrk. 
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1. Intrcductiian 

'he design of the Superconducting SuperCollider Cll 
0 withits conteqlated 20TeV protcm besmposescertain 
~bleolscancerningshielding,targetheating,etC.suchproblems 
aretypicallyanalyzedviathe &z&e Carlo OK3 methodby simla- 
tingthepropagationof high energy cascades inbulkmatter. To 
extendthevaliderm-gyrsnge of such ccdeshtotheSSZresJm 
the basic processes of particle *tifm snd tmqmrt mst be 
re-examhedatthesehi.&er snergies. 

Gnestrjkingfeatureof the TeVregim,withres- 
pecttoparticle~~,isthatwithincTeasingenergy~- 
strabl~beginst.o danbate mltiple Cmlanb scatterhgasa 
sourceof sngulardiffusicm. Likewise evenforheavy 0-J par- 
ticles direct pair productim as well as bmm3trahlung became 
nwre iqortantthan ionization as a source of energy loss in 

t==F=t. 

lhispaprpresentssans calculatedremiltsonthe 
angularandenergy distirihtims remltingfrmbremsstrslilug, 
direct pak prcductim and mm inelastic scathring.meSe 
results are cast into a formccmwmientfor jqGmentat,imin~ 
theMCcodeC4SIM M. Obviously, thismayalso serveotherccdes 
andcxrysattermregeneralkkemst aswell.Itmstbepointed 
out that CASIMis a weightedtmnspmt code inwhich essentially 
only one of the outgoing particles fran each interactim is fol- 
lomd.mis meansthat-elatims smmgthefhalstateparti- 
clesmaybe neglected. Chsiderably mreworkis neededto sim- 
1atec~leteeventsasisr~~inandlogMC~~codes. 
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Specifically the infcumationpresentedhere aims at 
twoareasofinteresttihigh energytranspxt.Thsfirstisthe 
calculationof themaxinm energydq?ositedinathicktarget.At 
2oTeVbeams are smaller and snglar deflecticms are smaller 
leadingtolarge energy densities where beamis dmpedeither 
intentimallyor accidentally. Iherefme one needs algoritIm3 
cqxble of simlatingthe spatialdistxibutimof energyd~i- 
ticmoverradialdistanceswellwitEnabesmdiamster (aslowas 
501po).Theseco&application -emsxmxmtir2nspx%.Mucmsin 
the TeVregkne exhibit a broad?nqe straggling" distxibuticm. 
'lIismeansthatthe dimensions of a rmmnshieldarenolonger 
detemjned by siqle consideratims of range plus mltiple 
Coula~&~scatteringbutrquke jnstead thedetailed (radialand 
longi~bebaviorof the radiaticn dcseinthestmggling 
tail. lIf2radial distributim is sigrificantlyaffectedbythe 
sngulardeflecti~fran brwksstmhlungamiinel&ic scattering 
off nuclear targets. 

Algorithms for mltiple elastic scattering are not 
discussedhere. Iqroverwnts have recentlybeenintrocbcedinti 
CASlldusingat2a0caqxment approach.Belcwajxdiciouslycbosen 
cut-off angle it is treated intheGawsianqprcn&catim. Above 
thisangle it is treated event-by-even usingpredictimsof 
Glauber L31. 'Ibis will be documented separately. 

Inthe course of cakulatingthedistributicms in 
energy ad angle of the particle umiergoing these processes the 
stepping pmer <d!Z/dd for the various processes isessily 
obtained. 'Wsprwides agross che&ca~thepresentcalculatims 
asx4.l as asetof dF/dxvalues inprinciplenure accuratethan 
thee ava;ilsble frcrnsnalyticalformlae byxirtueof the inclu- 
sion of form factors, mxe precise ldnernatical treatment, etc. 
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Ihepresentstudy is limited tomums, picms snd 
probms as incident particles with energies between3GeVand 
3oTeV. Elsctmns mdphotmm intheTeVregimre@remre care 
sincecertain came&ions need be applied forensrgiesabove 
- 1oOGeV C4l. (similar cmrecticaw for mcms orheavierparti- 
clesmay stillbe igmredinths Sscregim sincetheyscalewith 
mass to a power unity or larger.) Messel and Crawford El des- 
cribe the application of such cwrrections to elmtic 
showersbuttheirtreatmentisl~~totheaff~opltotal 
crogsssctianssndon da/a. llxy donotccmsidersngulardif- 
fusim due to processes other than multiple Coularb scattering. 

Next,thejn@.mmtaticm of thepmsentwmkinto 
theMCcodeCASIM is briefly indicated so astomtivatethe 
follcwingsectimswbich in tumdismsslmSlks~~~ d5rect 
pairproducticmandrmxm inelastic scattering.Inthelastsec- 
timresultacnthe stopping pawersandrm3snglardispsrsicas 
intuJkmatterof the varicwsprccesses arepresentedalongwith 
alimitedccmparismwithotherwork. 

2. liql~tationinto~teCarlo 

CASIb4 traces the pxi-bicles of a shmer stepwise 
t.hrmghthe~lemgeune~.Foreachsuchstepandfureach 
prccesstheaveragenmber of interacticmsisobtainedfranite 
t.otal-ssectiou.Basedcmthisthe Crandanlyvariable)nu&er 
ofintmactionsina particular step is chosenfranaPois~~~~ 
distxibutim.Fmall brestmtrahlmg processes thet&al-s 
secticm is restricted to events with energy lcsses in excess of 
lMeV.Inthe energy range wheretmansstralil~iss~icsnt 
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ths average energy 106s due ta sub-MeVphotms isnegligible. 
Whilescr~byatanicelec~actudllyr~~theinfrared 
divergence atvsrylmenergies, inclusicm of these softphotms 
inaMCumld cmsumeconsider&lermpxltestime. 

Fcueachsimlated interaction the energyofthe 
final stateof the incident particle israndcsilyselectedfran 
the distrihti~ fmctim u-l(&/dv), where v=Cl-E'>/CEn> is the 
fractional energy loss Co< v <l). Next the angular deflectimis 
cho3en. lhmahs*lificati~~~occum inthis stepviz., them 
tsptid.) sngle, <B~9'2, between incidmtmdoutgohgparti- 
clesis determined& a specific sngle is chwenassumingthe 
projected angles B,.B, follow a Gaussian distribution with zero 
man and &+/2. (Equivalently the spatial angle may be clmsen 
fran an eqcmntial in the variable 8: with mean <Ei> and 
&<ip>) 2 . 

Inallof the processes under study there is a 
stxcmg positive correlatim between <Eg>1'2 and energy loss and 
it is iqmrtant that this correlation be kept in the sinuilatim 
of all applicatims where angular diffusion fran these processes 
is significant. For example, in rmcntransportthishfluences 
theradialdistributimat large depths sincethemxepsnetra- 
tingmcms are alsot&Ler collimated. 

AMmugh the angular distributions for afixed 
outgoing enexgy arenot explicitiy cakula~here, itisunli- 
kely that they mch resemble Gaussims. lhe raticmale for this 
~~i~restswiththecentralLimit~~~~~issimi- 
larly khedinths csse of nultipleC0ilanb scattering togo 
fran &Angle> htherford scattering to a Gaussian. l'heof&n 
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voiced criticism C61 in the latter applicaticpl is that for insuf- 
ficieutly thick targets the tail of the single scatterings 
exceed the Gaussianatlarge angles. lIis criticismnrayalsobe 
appliedtothepresentuseof the theormsinceatypical step in 
aMCsim.iLaticmis, bythis standard, not a thick target. E3ut the 
aiticism can be sanewhat mitigated if itisunderstcadthata 
progr~likeCASIMdces not aim toreprcduceshgleeventslmt 
cmly an average over many events. 

Ckm&lerthenthe ideal case of armno-s3wtic 
pencilbezunincidentona slab offinitethickness.Inccmtxast 
with mltiple Coularb scattering the angular distribution predic- 
tedtomergeismt a single Gaussisnbutarather ca@icated 
smmatimover a set of Asians (each withita owno). For a 
wideva.rietyofcmditions me nr@t expect thekqeru'st.0 
dcndnatethe~lsafthesma;llerodistributicaLs.Hencecnlythe 
tailsofthe largest D single events muldappeariquqerly 
similated.C3msiderfurtherthatinmrerealistic~blemsaddi- 
tional smearing is eqected e.g., thetmxms inasbieldingcaku- 
lationtypicallyemergefrana hadrm cascade tskhgplxe ina 

-e= P--Y. Nmetheless while the Gaussian approAn&im 
appssrs justifiable intypical applicatimsits limitatimsmst 
bekeptinmimi. The sngular selectionschemealsoinpliesthe 

-angle qpmximaticn. when <Ei9" E%pTCdWa~Ceeds 

unity itismre accurate ti selectfman isotropic distx-ikn~- 
tion. 

Simlaticmof the energylcss andsnguhc distribu- 
tionof the incidentparticle for &process inthe above man- 
neris sufficient far the mcm probkn. For thentaximmensr~ 
dmsity~lemme needs also to include theothercutgojng 
psrticles <i.e., 7 in bremstxahlung. e+e- in pair productim 2nd 
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targetrecoil). lheir similatirmis skmg the same lines as for 
the incidentparticle, thou&in the case ofpacirprcducticm it 
is mre ccqlicated. Conservation of energy snd rtrxmtamlpermit 
in - cases a siqlification of the prescxipticm. Simiiation of 
thehadronshowerinitiatedby numsisnotconsideredhere.For 
mst suchproblms the objective is estimating nmn fluxes rather 
than energy deposition. Where it is explicitly required it is 
usuallyrsascmab le. inviewof their deeppenetraticm, todepcsit. 
allnuzm energy losses lmallyalcmgtheti trajeckries. 

'Ihenextthree sectims describe foreachof the 
prccesseswhatis spscifica;llyneededfor aCASIM-type skmlatim 
and hm it is calculated. Lhplication of the <often lengthy> 
cross-sectionfcmmiias frunthevarious sources is avoidedhtsn 
attmptismadetoadhere to theirnotaticm. lkeresultsof the 
cakulatim are then presented as relatively siqle formlae 
suitable for inclusionin a MC calculati~. Inparticular, the 
u%u/dv are cast inafomfran which it is easy to sample. lhe 
parametrizations are explicitly provided far their psible 
in@-tationelsewhere. Thesefommlae are sir@yfitswiU~~t 
necessarily anyphysical significance andthey shxldnotbeused 
outsidethe3GeV-3oTeV range without furtherche&ing.Ifa 
particularapplicatimpzmits it, the paramstzizaticawmaybe 
further sinplifiedfor ecmunyof caqutation. Themanyillustxa- 
tionswhichcaqxrethe fits withdirectcalculaticmtialsot~ 
provids agenera.l hpressionof the energy loss dishibutims and 
nnsanglesin this aergy range. 
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3.1. Calculation 

lhedifferential cross secticmfmbr~strahlung 
inlmestardsrBnTl agmxkatim is presented by !&and 
Tsai C7l inthefcum&/~,where paudll arerespectivelythe 
nnnentumandsolidangle of theparticle afterghokmemissicm. 
lhparticulxr, thecross sectimis expressedas s~kkegral over 

B, and #p thepolar andaztithalsnglebetmenthephotonand 
P-$,thecliffsremebstmen incidentsndoutgoing mzmentuttl. Also 
inref. 7, the integraticm wer & ispsrfoxmdmalytically 
leavingashgle integral over E,. The~ressionincludesthe 
kinmatics of targetrecoilknk doss not includephokmefnissicm 
by the target. 

Fourdifferent ccmtributicms are evaluatedusing 
the Mo-Tsai fonmla: W coherent riuclear brsmsstrahlung, 
(ii> hx&enmt~~straNungoff individualnucleons aswell as 
(iii> off atmic electrcms, (iv) photms mitt0dbyrecoiling 
electnms. Forhadrontargets knd/orprojectiles> there is also 
a deep inelastic ccmtributicm to the brm~stxahlungwhereby 
pians,etc.are produced ah-g with thephotcm (lhcmtrast, 
<ii> refers t.0 the quasi-elastic caqxaxnt.) FIX incidenthadrons 
this process resembles an inelastic hadronic interactim but is 
nsgligibleincaquism.Fcuhcident monsitisincludedasa 
radiative correcticm. Dsep inelastic scattering of lmdrcxm off 
atunicelectmm is dealtwithelsewhere C81. 

?heinformaticn~rsquired t~perfoxmthesimlation 
illcludes u-lklLT/dv~ and <e;Y as afunctionof v. For incident 
hzdrw the v-d*ence of a7> and +9", the averege photcux 
energy and me angle, as well as CrR> and <E~>1'2, the average 
hnstic energysndnm mgleofrecoil are alsoneeded. 
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For contributions W-(iii> theI&-Tsaidistribu- 
ticmisnuixricallyintegrated withinclusi~of the appropriate 
formfactors. For thephoton angle this averaghgshuldbe car- 
riedautoves~kasweU.lhisisdanein~ways: Wbyanaly- 
tically integrating 

(pk3 = ~&kMu/~do=.sEkd,4$~k Cl> 

anaveragedvalueof Fk, the four rumsntumpmductof incident 
particle andphotcn averaged (over Q, is obtained. This is 
related to the zmgular variables, e.g., 

sin2<E7/2> = ~I~I-E+CWE~/2I~I 0 

wherein- appsars linearly which insuresproperavemgingof 
B7(inthsmall sngle approAmti.onI. Kkematively, 03) pk is 
evaluatedat&*. 'Ihis c0rreqxmdstothepeakingzqmximtim 
~~assumestbatthe~~~itselfwitheither~inci- 
dent or outgping particle. Results fran mstkd <aI are practi- 
cally identical with those fran (b>. 

mef~f~susedarein611casesverysinple. 
For process '3.I the nuclear fom factor is of the type: 
(l+ltl/D)-2 with IW.164A-2's GeVa 3ndt is thesquareofths 
fcur nkmentum transfer t9l. The elastic atxmic form factor 
(screening) used is of the Tbmas-Fsmi-UAiere type ClOl. For 
process <ii> tbequasi-elastic fcam factor is takmtibeths 
paiuctof thenucleondiple fozm factor till andaPaulisup 
pression factor. For the latter tm foms are used (a> the well 
kncwnoverlapoftmFermi spheres and(b) aslightgeneraliza- 
tionthereofwhichdemands a minimm nKlneIl~transfertooveI- 
camsU-legaplx?~thenuclear~stataandlmstlying 
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excitedstate. While (a) predicts amuchlarger ccmtributicnthan 
(b) sven the former is sufficiently slnall so that hxherent 
Fpocessesmaybe~edcanparedwiththeothersinthe~~lenos 
of hteresthere. For process (iii) au inslwticatxxnicfczm 
factur of the type ped by Tsai tQ1 is used: a%2/<l+a21t 12> 

with a=1.42*106z-2'3 Gev-1. 

FIX process (iv> i.e., bremsstralilungbyrecoiling 
atcmiceledsans,theMcrTsaifornrilaisevaluatedinthe~jjec- 
tile'srestframe. The energy loss of theprojectile inthelab 
(e- restframe), separated into photm energy and recoil,is 
invarisntlyexguessedas: 

E-E' = PWme+m3/rne (3) 

whereP,pare the four -taoof incidentandoutgoingelectmn. 
SincePkdepe&3cm~kit is replacedbyGWasin&eevalua- 
tim of <Ep1'2. To obtain u-%3~/dv for this csse &here v is ta 
theenergyloss of the projectile inthelab) thedifferential 
cross secticnd.u/dpdDdcosE, for ths electrcmintheprojectile 
restframe alongwith the avenge value (wer $3 of -&Cl is 
calculated cm a relatively dense set of p,B,cc~E~. At each point 
the quasi-infinitesimal ccntrihticm kW~tiElJc>ApAflAcos8$ 
isrsdistxibut.edover asetoflcgzrithmicallyspacedv-bins. Far 
each contributionvisltit.edbetween vti<#k=o) and v-<&=r> 
sndisassuwdtobedistzibutedas: 

p(v) a expC-( v -v&/C V -v&l (4 . 

IllthiS~ a-th u%r/dvis obtained. ?he ccnvenienceof 
thisprocedurevis-a-via astrai&tfcmvardchgeof variables is 
thatdu/dpdndcosBkc3nbe ev-aluated in thessmefashicmasfar 
processes W-(iii>. ll-ris requires special attentia to accuracy 
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since (a3 large cancellaticms occur in the MO-Tsai fcmula and 
Cb> itmstbeensuredthat thepeskregicmsare~eqatelysanr 
pled in the integration procedure. Ccmputation of <E7>, CR>, 
<Ep 2nd <a:> as a function of v follows the same routine. lhe 
ssmsinelasticatanic fom factar is applied attheelectrm 
vertexas in cii>. 

lhe twocmtributims tobremsstrahlmgoff atanic 
electirms are added incchrently. This is nainly for simplicity 
but it is mppxtedby the rather large differences observed in 
theaveragevalues of ccmeqandingkinematicalvsrisbles svalua- 
tedfor eachprocess. Italsoappezxrsreascmable intheframework 
of thepeakingqproximati~. 

Process (iv> is closely linked to certain diagram 
usuallydealtwithas radiative carrectims toelsstic electrcm 
scattering. Their cmtributimsnraybe evaluatedusingths f-- 
lae of Tsai L7,121. These di3grans may bedividsdinto~ely 
elastic hhereallphotmsarevirtuaD andinelastic Cx&ahhg 
aniTLfraredphot&. 'he lattermaybe sukdividedintoprojectile 
3ndtargettuemsstr3hlmg and their interference.lhlinewith 
thelast~~the~~erence~are~~.Iheinfra- 
redtermsthen castitute small correcticmsta-esses (ii.9 
and (iv>. The main ccmtiibutim canes fran the purely elastic 
part.BelcwabautlCOGeVthis termislzgerthanthecmtribu- 
tion of Fapcess (iv> and negative. At higher energies process 
(iv> becanes prcgressively danhant. Sane illustrations of this 
areshowninthefinalsectimrmdE/&inbulkmatter. 

In aMC calculationitis themstlcgical to treat 
processes <iii> and (iv> as distinctbecause the akovementimed 
kinematical differences m&s separate parametrizations mre 
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canvenient. lheradiative corwctions tothe elasticparttelong 
in the treatment of energy loss by collisicol and nultiple Coulanb 
scattering. 

certain correctians apply to the Mo and Tsai 
result.eingemral,mst notably theCoula&~sndhighfrequency 
limitccarections.As given in the literature Cl31 theyapply 
cmlyt.o&/dE. When applied uniformly atallangles tod~/dJWl 
thydonot signific~tly alter the resultsandaretherefore 
aoitted altogether. 

3.2. Results 

The probability for @oton emissicm off a nuclear 
target as afuncticmof viswellrepresentedby: 

~-~du/dv = klv-l vmip < v< 0.03 

= Gv-” 0.03 < v < v2 

= k,<l-vP v,<v< 1 (5). 

Iheki are fixedby ccmtinuity andnormalizatian, mandndepend 
m particle type: m~=m$.3CW.O24lnE, mP=l.99-0.U771nE, 
nP~=1.32+.121nE, ~=2.37-O.l8lnE, v~~=O.CXX/E, v2=EC/W+dI 
with cj=0.5GnP/mj>1'2 for j=p,r,p, dP+=4.5 and d,,S.3. A slight 
Zdependexe inu%~/dvis &gored. Forvaluesofv&xnw0.995 
the parametrizaticm is not very reliable. ?his is also the regime 
wherethehighfrequency limit ccrrscticarmaybeiqortant. For 
ra& a@ications these uncertainties will matter very little. 
Fig. lshu~~ acarpwiscmof dirsctlycalculatedu%u/dvsndthe 
parametrizaticm of eq. (5) for 100 CeV c, 10 TeV p and '10 TeV p 
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onberyllium and lead targets. lhe inc&erentccaArilx&ionfor 
20 TeV p an beryllium is also shawn in the form u&&&iv for 
directcuqarison.For lead the incoherent processisofeven 
lesser importance. 

lke rma angle of the ra&i.atingprticle isparwe- 
txizedes: 

4 2>1’2 = coclv”2,kg,n,k#l, 2 v I 0.5 

= k4v1+nWv)-n <e 2 V’2< 0.2, v > 0.5 

= k,Wv)-1'2 4 2 2>1’2> 0.2. v > 0.5 (6) 

where kf*r=0.092E-1'3 , kT=0.245E-1'2, ks=aiE-o.Q2 with 
apO.220, ar=0.275, ap=1.28 snd l+0.2CE-"~Q1, k+2E-".Q1, 
k];=o.86E-"~s6, n=0.81Em/G?'+dJ with m,,T=l/2, 15,=1/3, dp,,=1.8, 
dp=2 and % is related to < by ccmtjnuity. All the above 
parroters are independent of Z. wit k, is not: s=b,E-1Z-1'4 
withb,,=O.O52, b,=0.054, and bp=0.0S9. Fig. 2 shms acaparison 
of directly calculated <6g>1'2 with rms angles fran the 
parx&rization. 

Nuclear recoil is a negligible source of energy 
loss eventhoughitishighlylocalized. Fcr alightnucleus such 
as aluminum the kinetic energy of recoil in a typical 
breansstrahlungevent is in the l+OKeV regicm for incident 
particles in the TeV re. Recoils in excess of 1 MeV occur 
onlywhenvis wxy near unity. Fcrheavynucleithere is even 
less recoil energy. lbrefore rmclear recoil cangenedly be 
neglectedineneqy deposition calculati~. l'hephotcnenergy 
thenfollws fran energy conservaticm. The rnrs angleofthe 
photcm is fitted by: 
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<BF1'2 = Cai+b,Hnv~dlE-C 0 

with ap=0.127, a,=O.l57, 
c=0.94+0.06v3, dp+=l/2, 

ap=0.940, b,,=O.O58, b,=O.CY72, bp=0.126, 
dp=l. lke fits are illustrated in 

fig. 3. AgainaslightZ dependence is @cued. 

As abeady menticmed thebrenx3strahlungccntiibu- 
ticms off atanic electicons are added incohersntly and are separa- 
tely parametrized. For photxa~ emission by the incident particle, 
thev-distxibutica~otqs: 

= k-g-n 0.05 < v < v2 

= s <v--v) 1’2 v,<v<v- (8). 

where np~=l.60+.0301nE, npzl.45 and v2=v2,C0h*vmu, where 
v2cohisthev2for the ccherent nuclearcaseandv-isthe 
mAmum~tica;lly allawed v. Under ths ccmditicn mi>>m,, 

V- %hJ%/Ch,E'II~, wheremi is the mass of the incidentpar- 
title. The ki are sgain fixed by cc&inuity and nczmalization. 
lhefitisshowninfig.4farafewcases. 

lhe scatteringangleof the incidentpor rmaybe 
representedby: 

<E2>1'2 2 = 0.016W?91'2 v<o.o03 

= k,v= o.oa3 < v < 0.3 

= ~(lv)-O.~l 0.3 x v -z v,, (9) 

whesen=O.84-Q.CSXnE. For incidentp: 
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<i32>1’2 2 = o.o19C?m1'2 v c 0.3 

= k,(l+-".Q8 0.3 ( v .z v- (IO). 

lhekiarefixed by &inuity.Calculatedresulteareccqexed 
with the parametrizatiagl in fig. 5. 

Bscauseofitsli&tmassthekineticenergyofthe 
recoiling electmn is typically not negligible. llw average kine- 
tic energy of recoil, aa>, as a function of v is apFamdmately: 

<II) 

where ar=35Eo.16, aP=15Eo-", b,=100E-"~8s, bP=40E00-4s, c,=4, 

Cp=2' "lr=k p n =I. 'Ibis is illustrated in fig. 6. Since this is 
never a daoinsnt process it appears sufficient to assign the 
value Cr,>to each electrcm recoil rather thsnsamplefrana 
distribution abaut CTa>. 

Thssnergofule 7 follow3fcxmenergycunEJerva- 
ticn. Its rms angle is fitted by: 

<BP"' = G5.7.10-sE-2v-1, biE-3'2(l-@'2], (12) 

with b,=O.41 and bP=2.7. Sane fits are shcmn in fig. 7. The sxgle 
of thsrecoilingelsc~ may beobtahedQ rrrnlenbmerva- 
ticn.Inthpe&ng qproxhati~the event is co-planar z&the 
7 8nd the scattered particle appsar cm the same side. 

Forbr~strahlwg by the recoilingelectronthe 
v-distributian of the incident psrticle folhvs: 

~-~du/dv = kWv)1'%-1(v+5vOY1 (13) 
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where k is a dizaticm constant and vO=O.OOl/E. The +ity 
of the fit is shown in fig. 8. 

lixe angle of the scattered particle is fitted by: 

<FJ2>1’2 = 2 CO.OZHE(I-~)/V~-~'~, 5*10-4/milmin (14) 

where mi is the mess of the incident particle. This is illustra- 
tedinfig. 9. For this process therecoil electrcncarries the 
major share of the energy lost by the incident particle. To good 
appr&tim: 

(rR' = 0.93Ev (15). 

lherm9 mgle of the electron, 8s k3lxmn infig. 10, iswell rep- 
resented by: 

4y2 = 0.a33CEv)-1'2(l~P (16) 

where n=a,+b,/lnE with a,=-O.l5, aP=-1.55, b,=3.5, bP=2Q. 'he 
energyandangleofthe7folluwfraneneq2yd IlKlEna cmser- 
vaticm similar to process (iii), stove. 

4.DiD33iPdrBoaucti~ 

4.1. Calculation 

Thebasic differential -8 sectionforpairpro- 
duction by charged particles is derived by Kel'ner Cl4l. It 
applies tothecase of a stationary Gnfinitelyheavy~ nucleus 
butwhere allotherparticles arerelativistic. Thelcwest~der 
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di8gr8m are inte@;ratedandlyticdllyandaclosedform~essi~ 
is obtajned Cup ti screening correcticms> for du/dtdE+de-, where 
tisthefour nmnsntumtxsnsfer tothe incidentparticle andthe 
E,aretheenergiesof the pair makers. lbisderivationdoes 
not include anuclear formfactor. Thedifficultieswiththis are 
msntimedbyKel'ner but these are readilyovercawwithsam? 
numrical effmt. lherelevmtintegrals of Kel'ner are evaluated 
andLytjcally to yield an expressicm fur do/dtde+de-dq2 where q" 
is the mzamhumtransfer to the nucleus.Anuclearfamfac'cm 

e.g., ofthediple typs as inthebrmmtmhl.xmgcalculaticms 
canthenbe inserted 8nd the remaining integrations perfomed 
mnrerically. Screening is likewise intrcduced atthislevelby 
the llunas-Fermi-Moliere atanic form factor C91. A checkis 
~ovidedbyperformingthesameinte@+atianswithautformfactors 
andcanparingwithKel'ner's snalyticalresults. The inkoducti~ 
ofthesefal7afadrasisltitedt.othsCJ~ t di8gr8ns f&ose 
withavirtual electrcn). lhe virtual~cli3gmm contribute 
dy3boutO.l%todE/dx andare significantcailyforp3ducti~ 
of very energetic pairs near the kinematic limit Cl51. These are 
added unalt.er& fran Kel'ner's derivation. 

For studies of thedetailedspati&L distributiaof 
energy depsiticm sane informati~ an the produced piris 
needed.Frantheselecticnof outgoingentzpyzidanglethefour 
mmentum transfer to the 
determined. lhe angle, a, 

&in&y ~kl&e~~=cw,kl,, is 

1 llKmEllb of 
t.he pair. $*. can b8 cdlcdated inanepproxb~wayprovided 
the averages <-q2> andCqkI> as afunctianofvarekncwn. Since 
fi,= $++ $-= i$+ 4 it follows that: 

cosll = ~**lE1/I~*I*IB1l 

= (w2-kf-qkl>/C(W2dd2) (w2-k!p2 <In 
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with M=~q~+2gc,+~~"2 being the invariant mass of thepair. 
UsingthesnrCilamgle apprmination eq. (17) reduces to: 

(18) 

where I fi* I %2-~-2qkl-q2 and <pa> min= (qkl> 2/ (w2-kf> . 

A ressrmsble MC alga-i* ccmsist ofselecting 
Q2=-q2- C-q21 min frana me sided Gaussian with zeromsanand 
~~,<q~>-<(~~)~>/(w~-~). If, in the definition of <-q2jmin, 
(qkl12 is replaced by -q2<Qk1)2W<q2> then 

P 2 = Q2/Cl-<(~,>2>/(92>(w2-~)l (19). 

lhe angle a is thenobtainedformeq. (18) bysimilarlyreplacing 
qkl in the sxpressicm for $,I in the -cIamdm*: 

(12 = -q2*Cl+<(~)~>/<_9~>(w~-~)l 

/ ri2-l+qk,> c-q2/+q2>> ""+I a3 . 

lheazimthalangle of $* aboutthedirectimof 
the incidentparticle is chosen unifcmly. 'he openirgangle of 
the pair, p, is related to Y2 and to x+(%+/w>. Since the cross 
sestiandepmds rather weaHy m x+, a uniformdistributim 
be/w< x+ <lmJw) is asmwd. l?ranMa=2~~2+~+~~-l~+$~l~~ and 
frcm treating the pair mmibsrs relatitistically it follms that: 

audtherefore 

p2 c M2/x+x-w2 (21) 

where again ql><-q2/<p2>> lf2 replaces qkl and the azimthal 
opening angle is again unifornily distributed. 



19 

Electron targets are treated similar tonuclei 
exceptthataninelastic form fa&xsr replacesthenuclearfoxm 
factar and no screening is present. In additia scans infcamatian 
antargetrecoilisneeded which int.benucle~~caseisneglec- 
ted. lhe averagelketic energy of recoil, eR>, isrelatedto 
<-qz> : 

(rR> = <-q2>/211e 

snd C-q"> is a knwn function ofv.similarlytobr~stralll~ 
off electxcmk, each recoil is ssscrmed to have a fixed kinetic 
energy GR>. CT0 conserve energy 3n 3munt CrR> mst be deducted 
fran the energy of the other out.@ng particles.) 

For the puqose of detsmhing the recoil angle it 
is assmned that the cross section ss written by Kel'ner applies 
to a collision in a Rreit frame of reference tiere the cond.iticHI 
of arbitrary mxnentumtrsnsferandzeroenergytransferisexpli- 
citlyrealized. lhe anglebetwsenrecoilingelectrcnsnd incident 
particleisthentrsnsformsd to the lab. Theaversgelabsngle 
shws very little variation with v and is qxoximately equal ta 
r/4. A reasonab le algorithmmay be to samplefrcmadistributi~ 
uniform in angle fraa 0 to r/2. 

In principle, electrcm target recoil shcxld also bs 
includedintheandlysisafthe~edpair.Hcrweverthe~ 
lying ss""ptian w>>TR still hold reascmably well wer taxt of 
thersngeofvkxcept where v is smdll inwhichcaseawre 
accurate alg3rithmgain.s very little). 'Ihis justifies using the 
same simulation for pair pxducticn off electron target.8 as off 
nuclear ones. 



4.2. Results 

lhev-distributionfor direct pCixprcducticmoff 
bothnuclear and electrontargets iswell spproximatedby: 

a-ldu/dv = k 0 
= kg+ 

= kd”-2 

= q-3 

&$p < v < 2snJ-E 

2Em*/E<V<Vli 

Vl,i ( v ( V2,i 

v,,<v<l (24) 

where Vl,p=5,~ =2*10-s, vl.p =10-4, =2.10-2 and 
v2,p=!5*10-s. 

V2,/b~2,r 
The ki folhv once sgain fran continuity and nonm- 

lization. If 25nJF, is larger than vl,% the segmsntwiti-ithe 
v-l depndeme is unitted. If 2EmJE is larger than~~~the , 
v-2 sepentisalsoanitted. lie depexhce of ~7%7/dvcmZis 
ratherweaksndisneglected. 

Fcuveq SmallvKel'ner mggestsusing 

dddv a v-1uoCEv>ln6ne/v> C25> 

in lieu of the general expressim, vhere uO(w> is the t&al. cross 
sedi~f~'pa;ir~~bya~~ofenesgyw.~ingthe 
logfactor,&/dvfollcm a v-l depndmceintheregimwhere 
uo=uo(~> is castant <w>lMeW. lhis is also true in eq. CW. 
Beluu wSne, u0 rmains small C<O.O%O(c+>l whereup-~ it climbs 
roughly linexly until w%51~ Were u0~u0(m>/21. These ccmsi- 
derationsleadtithelc?# v psrt ofeq. O.Fig.llcapares 

tJ-=apFa oxjntaticmwithdirectcaqM.&ion. 

lhe lab angle of the outgoing particle follming 
pairpxluctimispsramtrizedss: 

<lp>1’2 = 2 (2.3+lnDE-1<lv>P(~~-~2v-2 

l caiV1f4 (l+b,D+c,v/<v+d~>, eilmin (26) 



21 

where n depends cm particle type with np=nF=-1, np=-O.llnE, 
a,,=8.9*10m4, a,=9.2*10S4. ap=l.C6*10-3, b,,=b,=l.5*10-", bp=O., 
cp=o.032, c,=0.053, cp=o.090, d,,=l.O, d,=l.3, dp=0.35, e,,=O.lO, 
e,=O.l2, ep=-. Again a slight Z deperdence of <E~1'2 is igmnxd. 
Ccuparisonsbetmendirectlyc2Jculat.ed <8~"2 azideq. (26) are 
shown in fig. 12. 

lke averageof the mqare of the raYtlentmntYt-2nsfer 
tothenucleusisapproximatedby: 

<-q2> = C6.0*10-8Gv)1'4, 3.3*10-81,p 

+(ai+b,Z-l'a)*WvO)a v < Vl,i 

= (c,+~,E->Z-"~ v,,cvc1 

here v. lr=3*10-3, V 

v1 p=0.m5+O:13Z-~'? 
o,p*.10-4, v1 r=o.~.20z-1'2, 

bp&5*10-B. 
a,=l.9*10-8, ap=I.0&-8 , b,=5.6*10-8, 

c,=6.3*10-4, cp=O, d.+8~10-3, dp=2.7*10-', 
m$/3, $=1/4. lhe expnent a depends also on particle type and 
is derived fnm cc&Amity at vl i. Sane resultsareshmnin , 
fig. 13. The relatively strong Z dependence for larger v is a 
consequence of the intrcductionof amclea3 form factor. 

lheaversgevalueoftheproductofthefour~- 
tmtransferstothetargetand tothe incidentparticleisrep- 
resented as: 

<-qkl> = <aP+biv1.84>E0.3 v < 0.5 

=c v 2 0.5 (28) 

where n=O.3~6.45+lnFJ/(l.72+lrB, a=8.11*10-8/(5.6*10-3Y', 
b,=O.O4, bp=0.53, andc follows frmcmtinuity. 'he Zdepemkxe 
ismchweskerthzm for +q2> 8nd is neglected. Thefits axe 
illustrated in fig. 14. 
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5.Nuclearli1t.eractionofMuons 

5.1. Cakulatian 

Thediffer~tialcross sect&x usedforinelastic 
scatteringof nnmsis theusu&lepto-prcducticmscalingfornm.la 
Cl61 with exp~imxkally measured struct.urefunctions.lkepara- 
metAzaticmof the scaling function, f12, forprotcmsisfran 
Bcdeketal. Cl7l with carrecticaw in the lowinvariantrmss 
regim fram Breidenbach and Kuti Cl81. For lq"l < 0.15 Gep, 
vW,=lq21 is adopted Cl91 <q2 in Ge~>withthesamecorrecticms 
inthe resonance regim. For neutrons L#$ = A$<l-O).75x) is 
assuad 1201 wherexis theBjorhnscalingvariable. W1isrela- 
ted to W2 viaWI=W,(l+v2/lq21)/~<l+F0 where Y is the total energy 
carriedby hadmns and IM.18 is assumedeverywhere. Nuclear 
targetsare considered a sinple superpxition of protcms and 
neutror~.Fenrd n&ion, shadow@, E?K effect, etc. arex& 
inchlded. 

Ihecrces secticm given by thelepto-prchcticm 
scalingfonmiiarefers to inelastic scattering-wedby 
pl-&xm emission. The parametrizaticms used are fran data which 
correctfcrthiseffect.To accamtfarsucheventstheseradia- 
tivecorrecticnsnwst be undone either byre-intrcducingthen~ 
intothe crces sectionar, what- preferable, to insert them 
directly intotheM shwlatim. lke mew of eqivalent radia- 
tors LXI isparticularlyeasytoapply: the internalbrnsstrab- 
lungis~tedbythe radiaticm emitte3dueto~radi.a- 
tars of thickness ~Gz/r>llog<-q2/m2>-11, where a is the fine 
stmctme canstant, placedbefore &after the scattering event. 
lie scatteringintheseradiatnrs ie txeatedas ordhatyexter- 
nal bremsstr8hlung. 
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5.2. Ftesults 

The only ho qusntities of interest here are 
u-l&/&l m-d <E2>1'2 

2 . Since the internal brensstrablung is 
treated separately in the MC, the fonmlafandgraphsofthese 
two qusntities appearing in this sect&m pertsin to bare scat- 
tering. I-kmver, the gr8phs of ce;>l'2 alddE/dxhlbliucmatter 
inthefinal secticnincludethe intemalbr~~~. 

Thefractimal ensrgy loss distribution iswell 
represented by: 

~-~du/dv = k,CEV>2 0.144 < Ev < 0.35 

= kzm>-~~~wv>z 0.35 <Ev <E-m c29> . 

The 1Cme.r li.nr& of 0.144 Gev is the lcinematical limit 
<%no+mo2/2n$ furproducinga single x0 bass=mO>. Carpwisxmof 
eq. CZ.9) withdirectcalculaticm franthebasicfanmlais shmn 
in fig. 15. 

llerms angleof the scatteredfi isrepresentedby: 

<e;+z = to.39/E~lv>l[E~'av~lv>lc~~'<l~.l35/Ev) cm. 

The quality of the fit is illustrated in fig. 16. 

lie basic results for both a-b7/dv and <Ei>lf2 
shmacertain smuntofstmxtureintheregicmEv~lGeVming 
to the parsmstrizaticm of Breidenbsb and Kuti wfiich represents 
resonmce f-ticm at low hwariantruam. For met applications 
thi.s~3W~&~~emaybe replaced by asmcethapprmimticmasis 
dmeineqs. c29> aid co>. Ifneedbetheshucturecauldbs 
restaced qxm miitiplicatian by a tabulated functicn which is 
unity outside the rescmanc eregicm. 
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6.RMSAngleandJZnergyLossinElulkMatter 
CcqarismwithMher Work 

E5y aversging <Hi>, obtained as a function of v for 
each process, over all v and mltiplying by the average mmber of 
eventepermit 1engfA an average deflecticmpermitlength, 
<$, is obtained. Since (mall) sngles canbineby sumnjqtheir 
squares<ij> has the virtue of being propxtionaltotarget 
length. Hxever, it appfarsrmre suitable topresentremlts for 
<E~>1'2. Note that for the processes discussed here C&l" is 2 

strictlyathintargetcmceptsince, evenwith3uts~yothertype 
of interactions, a particle may lose accmsiderable auxnmtof 
energyinprcducinga7ace+pair.lhisl-mergyparticleis 
xxx characterized by a larger <e>"' and~~~resultingfran 
swmingwermiltiple events is nolcmgerprcpmtionaltot~~get 
thickness. lki.s is to be ccmtrasted with e.g., rms angles for 
mltiple Gxularb scattering. 

Inspiteof tAeirlimitedusefulness it ismmethe 
less of interest to c-e the +" for the various prcwxsses 
amng themselves md with rms angles for mltiple Coulanb 
scattering. Figs. 17 and 18 pesent <$$lf2 forllluons and 
protms cmberyllium, soil Q=ll, A=23>, ircrandlead. Therm 
angles for mltiple Ccmlanb scattering are fran a standard 
expressicm C22l. lhe xms angles for pair prcductim off nuclear 
targets adatanic electrcms are carbined. Theplots showalso 
the 4$1'2 for incoherent Quasi-elastic> bremsstrabl~. It is 
seeutobe caprable topairproductic~<~>~'~ forlightnuclei 
snd that both are relatively small. 
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Fig. 17also shows sane calculatedresultsof Als- 
miller etal. 123I intheE < 500GeVregicn. There is acceptable 
agreemntfor bremsstmhlung~srd pair prcductim butobvious 
discrepmcies exist for <Ei>1'2 from nuclear interacticns. 
Withxtadetailed investigation it appears that the originof 
the larger <Z>l'2 ofAhnilleretal.isthatintheintegratim 
wer vGE-E'> their l- limit is (essentially) zero c243. But 
this includes an mphysical re@m where Y is lessthanthe 
Unmaticallimit Cum$. 

Figs. 19 and 20 pmzh the average stapping 
powers, obtained in the c-se of calculating the ms angles, for 
mcmsandprotcmsin soil and irm. Agdnpakpmducti~off 
nuclei and ehzctmns iscanbjned.FaccaprismdE/dxdueta 
collisim leases I251 is also displayed. % elastic radiative 
carrecticm is applied to dE/dx fran collisim lcmes 2nd is 
qmxiniated by: 

ITI 
A(dE/M = J 6*(~/dt>.,*<ltl/~~)*F*dltl 

0 
(31) 

where ITI is the nrdnm IlKanentum transfer, 6 is the elastic 
radiative correcticm to elastic projectile-electm scattering, 
ItlAne is the kinetic energy of the recoiling electron, F is the 
inelastic atmic fomfactm and <du/dt>eI represents theRosen- 
bluthformlawithapprcpriate formfactors. 'he star&&Beth- 
Blochformla assume essentially that both theelectricard 
magpticfomfactorsare unity bhich holdsforrnumebutnot 
forhadrcms>.AseccaLdcarrection tothe &andarddE/dxforhad- 
rmslnaytherefarebe evaluated: 

ITI 
A<dE/dd = J C<du/dt>, - (~/dt3yl*(ItI/~~>*F*dItI (32) 

0 



where <du/dtJR ,, denote the Fbsmbluth snd bbtt scattering crces 
sectians,respectively.The result afterboth-ecticms <when 
applicable> aremsdeis shownby the dotted line in figs. 19 and 
20. 

Fig. 19ccrnpares also the results of ‘Iheriot c263 
intheE5EGQGeV regim.&r eemmtfm-knmsstr~~slldpair 
productionisgcod althou& the latter appeartibedivexging 
tithbcreasingenagy.Re8ults fornuclearinteractiondisagree 
by a factmr of -2. Fig. 196) also shcm therecentresults of 
Lnlnmnnetal. CZ7lwhichshmclcmrsgrement. 

lh elastic radiative currecticm t.odEYdxardthe 
twms~~~cm~ibuti~franrecoiling electrons are ccqared 
ma-e suitable scale in fig. 21 for nums insoil. Above 
abmtlOOGeVtheelectronlmm3str&lmgis clearly larger. Also 
pictured is the inelastic part of the radiative ccuxecticm per 
taMngcnilytotmget radiatian. ll-iis isalsoevaluatedusing 
eq. (31) butwithadifferent6 <see refs. 7 andl2) andwitha 
currecticmaddedtothe kinetic energy of recoil torepresentthe 
photonenergy.lkisisa ra@lyequivalentwaytocalculatethe 
eleclxmb5m3strahlung if the parameter AE intheexpressicmfcx 
bisinterpretedasthe maximmenergycarriedoffbythe~. 
'Ihisistakentobeofthecaderofthekinetic~~afrecoil. 
The results dependlcgmitJxnicallycn AEEare shmninfig. 21 
forAE=TJ2, TR and 2TR. The calculaticmintheprojectile 
restframe shouldbe the mxe accurate onebutthe radiative cor- 
rectimresultserveswelltoconfhmthe okmz-vedtisnd. 

Fig. 22caqxues thebremsstrshlungcmtributianof 
the electiranrecoil to Wdx with t&h elastic sndinelastic 
radiative comecticms sndwiththe carrectionarisingfranbclu- 
sionof the formfactors Ceq. (32>1 fur tAe csse of protcms in 
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soil. It is seen that the latter becunes substantial around 
ITeV. Qhrpians this occurs atevenlcwer energies.> 'hismans 
thatatthese energies a significantfractimof events proceed 
via inelastic channels. The average energy lossaccanpmying 
these events is mch larger than indicatedby eq. (32) or fig. 22 
since this 3asumes elastic scattering while theenergyloss in 
inelastic ever&3 is inevitably much larger. lbe systematic8 of 
inelastic energy losses is tdng further investigated C81. 

My l&anlw to J.D.Bjcdnm for an enlightenkg 
discussim cm the subject of radiative correcticms, andto 
D.A. Edwards and F. Turkot for their helpful criticism of the 
manuscript. 
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FigureCaptims 

Fig. I. (a> Probability for 7 missim CZ7 2 1 Mev) off nuclear 
targets as a functicm of v, E7 as a fractian of the incident 
eneqg.Infigs. I-16 the symbols represent direct calculatim 
(inthiscaseusingthe MO-Tsai formkJandthecurvesarethe 
empirical fits. Here cmlyav-l lineischwn-thesymbolsto 
avoid clutter. Tne values fur incohermt brmmtzshlung are 
ncumalizeito the total ccherentaoss sectionfor capariscm. 

Cb> Sam as fig. 1 (a> but for vkO.1. Curves here rep- 
resent the fite fran eq. (5). 

Fig. 2. <a> Rns angle of scattered particle undying nuclear 
brtxn~stxahhmgss afunctimof v, insmallvregion. 

(b>asin<a3butfcrrv~0.5,asaf~i~of (1-v). 

Fig. 3. Rm3sngleof huclear) bre3wstrahlung7titirespectto 
incidentdirecticn as afmcticmof v. 

Fig. 4. (aI Robability far 7 emissim CE7 2 1 MeVI by incident 
particleoff atunic elecbxn *get as a functicmof v hthe 
smallvregion.Heremlya v-"~g51ineisdram-thepints 
to avoid clutter. 

Cb) a8 in (a> but far v 2 0.1. Here the curves are fits 
franeq. (8). 

Fig. 5. F&a angle of particle undergoing bremestmhkmg off 
atanicelectxonasafmctimofv. 

Fig. 6. Kinetic energy of recoil of electran (fcxr the process 
where the incidentparticleefnits the 7) as afunctimof v. 

Fig. 7. Rms angle of 7 emitted by incident particle off atmdc 
electxmas afunctimof v. 
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Fig. 8. Probability for 7 emissicm a7 > 1 Mev) by atunic elec- 
tion off incident particle as a functicm of v. 

Fig. 9. Fms angle of scattered particle cfor the process where 
the e1ectmmernit.e a7> as afunctimof v. 

Fig. 10. Rms angle of recoil of electircm following bremsstmh- 
lmgby the electrmas afmctionof v. 

Fig. 11. probability of emission of e' as a fmcticm of v, the 
totalpair eneqzyexpressedas afracticmof the incident energy. 

Fig. 12. FIms angle of scattered particle following direct pair 
pmiucticm off a nuclear target as a function of v. 

Fig. 13. Average value of the square of the IIumntumtransferto 
nucleartargetas afmctimof v. 

Fig. 14. Averagevalueof theprcxiuctof the four lIKmerlm tren- 
sfertithenucleusand the four nxzrnentum transfer to the inci- 
dent particle as a function of v. 

Fig. 15. Probabilityof nuon deep inelastic scattering asa 
fmcticmof v. thethalhadrcmic energyinthe labexpressedas 
afractionof the incident energy. 

Fig. 16. FW sngle of the man follcming deep inelastic scatter- 
ing as a fmcticm of v. 

Fig. 17. Fhsangleinbulk ntatter for mcms asafunctimof 
energy due to the various processes in <a> beryllium, Cb> soil, 
62) irapl zmd Cd) lead. Also fhwn are ccmparisons witi Ahmiller 
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etal.in(b)snd Cc>. Legend:Bs,~em~ahlung; (Cah>,cahe- 
rent (inc>, bcoherentmxlear; (ep) , - vertex ke) , electircm 
vertex, atanic electrcm; DIS, deep inelastic scattering; pp, pair 
product&m; r&s, miltiple Gxlcmh scattering. 

Fig. 18. Fbsangleinbulkrmtter far protcmsasafunctiunof 
energy due to the various processes in (a> beryllium, (b> soil, 
62) ircaland cd> lead. Legend: see fig. 17. 

Fig. 19. Muonstoppingpmer as a functimof energyduetothe 
various processes in <a> soil and b> imm. Also shwn are ccmpa- 
ri- withthexurk of lheriot and Lchmmetal. Lqend: CL, 
collisicm energy losses; others, see fig. 17. 

Fig. 20. Rotmstoppingpmerae a fumticm ofenergydueta 
thevariousprocesses in (a) soil md Cb> bmn. Legend: see figs. 
17 and 19. 

Fig.21. Contributionsandcorrecticnstomanstopphgpowesin 
soil as: afuncticmof energy. Solid lines are the inelastic radi- 
ativecorrecticrevaluated for varies AE. Dashedlineisthe 
elastic radiative correctim. Dot-dashlineis thebremsstr&lung 
contributicmbyatanic electrcns off thenucmprojectile. Legend: 
Rc, radiativecorrectim; others, see figs. 17andlQ. 

Fig. 22. Contxibuticm amlcorrectiom toprot.msbppingpawes 
insoilasa faction of energy. Solid lineistheinelastic 
radiative correction evaluated for AE+TR, the Knetic energy of 
recoil. Dashed line is the elastic radiative correction. Dot-dash 
lineisthebremwtrahl~ ccmtiihtim byatmicelectmxmoff 
theprotanprojectile. Legend: FF cur, correct&m duetothe 
presence of form factors <#I) in elastic scattering -8 sec- 
tim; others, see figs. 17, 19 and 21. 
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